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ABSTRACT 
A family of five slender cambered wings with apex 
blowing has been compared by means of an experimental 
investigation carried out in the 8 ft. x 6 ft. low speed 
wind tunnel at the College of Aeronautics, Cranfield. 
The flow field was investigated with different blowing 
momentum coefficients, Cµ, at a Reynolds ntµnber, 
Re= 2.8 x 106, by the use of: Kiel tube traverses, mea-
suring the total head variation at various chordwise 
stations; photography with a water vapor screen technique; 
and surface flow pattern visualization. The lift, drag, 
and pitching moment were measured at Cµ=O, 0.04, 0.08, 
and 0.12 on the various models through an incidence rgnge 
from -100 to +200,, at a Reynolds number,, Re= 3.2 x 10 • 
It was· found that the apex blowing air formed dis-
crete jets which followed curved paths across the leading 
edges, over the shoulders, and then along the cer.tral 
portion of· the model to the trailing edge.. With c.pex 
blowing the leading edge vortices did not start to develop 
until aft of the positions where the blowing jets crossed 
the leading edges. The development of the' leading edge 
vortices was inhibited when the shoulders· 'of the ;·model 
were close tq the leading edges. . 
Apex blowing increased the aerodynamic lift at in-
cidences above 40. The greatest increment in lift. due 
to blowing was obtained on the MGW model •. The .. lift- .. ,. .:· 
dependent drag was decreased 6n all wings .by an (increased·:· 
blowing coefficient. At Cµ = 0.12 the maximum lift~drag · 
ratio on all wings was higher than at C._.i = O, al-t;hough at 
lower values of Ci-i the maximum was less than in,;\the unblown 
case. Apex blowing generally had a stabilizing(effect 
and the useable range of CL rs was increased. .:·:.:. 
It was shown that apex blowing, applied to ari all-
wing airbus, can reduce the required landing distance 
by about 28%. . · · . .··· · 
.· 
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in the 8 ft. x 6 ft. low-speed wind tunnel of the.Aero• 
dynamics Department, The College of Aeronautics, Cran-
field, di.µaing the academic year 1967/68. The wind tunnel 
program was sponsored by the Ministry of Technology. 
The author is indebted to his supervisor, 
Mr. J. J. Spillman, for his advice and criticism during 
the year, and to Mr. D. Kirby, of R.A.E. Farnborough, 
for his useful comments and suggestions. The author 
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J;"URTHER LOW SPEED WIND TUNNEL TESTS ON 
SLENDER CAMBERED WINGS WITH APEX BLOWING 
1. · INTRODUCTION 
The use of slender shapes for aircraft which op.era te 
at supersonic speeds has long been recognized as the 
solution to the compressibility problems encountered in 
this flight regime. The complexity of the natural sep-
arated flow which occurs on such wings has been exceed-
ingly difficult to solve theoretically, however. Early 
theories for low aspect ratio wings, such as that due to 
R. T. Jones (Ref. 1), were based on attached flow solu-
tions and were hardly adequate to describe the separated 
vortex flow. Legendre (Ref. 2) was the first to set 
forth a theory which stipulated leading edge separation 
and conical vortex flow over slender wings. Maskell and 
Weber (Ref. 3) were .among the first to propose that aero-
dynamic shapes should be designed to control and to take 
advantage of the natural vortex flow instead of to sup-
press it. · 
. It has been found that slender shapes, suitable for 
supersonic flight, have disadvantages at subsonic speeds. 
Among these are the reduced lift-curve slope, the in-
creased lift-dependent drag, and the reduction of longi-
tudinal stability • 
Lee (Ref. 4) has shown that .the lift-dependent drag 
can be reduced on slender wings with separated flow by 
as much as JO% by. designing the thickness and camber 
such that forward facing surfaces lie behind the leading• 
. edge vortices. Maskell and Kuchemann (Ref• 5) suggested, 
from theoretical considerations, that high energy air 
could be ejected from the swept leading edges of a slender 
wing to artificially strengthen the leading-edge vortices 
and thus increase the lift and the lift-drag ratio of the 
wing. Using this method in conjunction with Lee's for-
ward facing surfaces, the lift-dependent· drag could be 
further reduced. 
Trebble (Ref. 6) and Alexander (Ref. 7) investigated 
edge blowing along the entire leading edge of slender 
delta wings. Trebble confirmed that a substantial gain 
in lift at a gi_ven incidence could be obtained by edge 
.·• 
• 
blowing, especially in the region of the approach. 
Trebble also noted a large drag penalty with edge' blowing 
because his experimental model was designed to blow the 
high energy jet sheet normal to the swept leading edge, 
thereby introducing a reverse-thrust component. Alex-
ander test.ed various angles of blowing from the leading 
edge. He was able to eliminate the large drag penalty, 
experienced by Trebble, by directing the blowing nozzles 
aft, without appreciably affecting the gain in lift due 
to edge blowing. Alexander also noted a reduction in the 
lift-dependent drag with edge blowing due to the forward 
facing surfaces of his rhombic cross-section model being 
acted upon by the strengthened leading edge vortices. 
The. effect of edge blowing was found by Alexander to be 
most pronounced near the ape4 of the model at incidence. 
During the past decade, a great deal of interest has 
been shown in the subject of a short range subsonic airbus 
capable of carrying a large number of passengers at com-
pari tively low cost. A possible solution to this design 
problem has been shown to be an all-wing layout. This 
would entail the application of the slender-wing concept_ 
in an entirely new flight regime. Kucheman..~ and Weber 
(Ref. 8) have pointed out that the all-wing design: 
(1) is more compact than the conventional layout; (2) al-
lows a larger payload weight to total aircraft weight 
ratio because of a more efficient structure; and (3) could 
.increase productivity over a relatively short range be-
cause a high cruise.Mach No., H=0.8, would be practical. 
Gates (Ref. 9) indicates that the all-wing airbus concept 
provides the most efficient "wrap 11 for passengers since 
the passenger compartment also acts as the lifting surface. 
The Avro Vulcan has shown that there is no excessive 
'stability problem inherent in an all-wing design. 
The addition of edge blowing to the all-wing concept 
could prove to be an important factor in deciding the 
airbus question. With the blowing air being supplied by 
the propulsion plant, the solution.would be a complete 
integration of all the aircraft systems -- propulsion, 
structure, payload, and aerodynamics• This solution is 
complex but this is not necessarily a disadvantage since · 
no single parameter would play a dominating role 
and many desirable properties could be included without 
incurring any excessive penalties. 
Following the work in edge blowing and the recent 
interest in the all-wing airbus concept, Hyde (Ref. 10) 
began investigation into the feasibility of edge blowing 
only near the apex of a delta wing. His model also in-
corporated thickness and camber distributions similar to 
those envisaged for· an all-wing airbus. Hyde obtained 
results similar to those previously reported for the cas8 
of blowing along the entire leading edge. In addition, he 
noted that apex blowing eliminated the problem of vortex 
2 
breakdo'Wll which occured on the aft portion of the model 
at high incidences without blowing. The highly sloped 
shoulders, very near the leading edges of the airbus 
model, appeared to inhibit the natural growth of the 
leading edge vortices, both with and without apex blowing. 
This thesis concerns wind tu.."1Ilel tests set up to 
investigate the flow field of the airbus model, used by 
Hyde, in order to gain an understanding of the nature 
of the flow over such a shape with apex blowing. A fur-
ther investigation, prompted by ·the apparent inhibiting 
of the leading edge vortex development on the original 
model, is concerned with tests on four variations in the 
planform shape of the all-wing airbus model with apex 
blowing. The first of the planform variations considered 
has straight leading edges, the second and third have 
parabolic-gothic leading edges, and the fourth has quartic-








2. LIST OF SYivlBOLS 
Geometric wing incidence measured relative to the 
flat base plate of the model. 
Geometric wing incidence at zero li:ft coefficient. 
Homentum. of the jet, or coefficient of viscosity. 
Fluid mass density. 
Standard deviation of the independent variable, x. 
Standard deviation of the dependent variable, y. 
Mean thrust angle, the angle between the mean jet-
thrust line at the blowing nozzle and the model 
centerline • 
. An empirical constant. 
Aspect ratio of the model, =b2/sm. 
Span of the model• 
An empirical constant. 
The basic wing model. 
Centerline chord of the model. 
Virtual centerline chord of model with flat plate 
extension. 
Blowing momentum coefficient, see Appendix A. 
Drag coefficient, =D/q0 Sm• 
C0min Minimum value of drag. coefficient. 
CH Total-head coefficient, = (H - Po )/qo • 
. CL Lift co~fficie:rit, =L/q0 Sm. 
CLmd Value of lift coefficient at minimum drag • 























Resultant force coefficient in x/-direction,. 
Fx,/qoSm. 
Drag. 
The double-delta wing model. 
Total head measured in the flow field. 
Lift-dependent drag factor,= (C0 - C0 . ) TI~ min 
Lift. 
The large gothic wing model.· 
Pitching moment, or.Hach nl:::ber. 
The medium gothic wing model. 
Rate of mass flow in the jet. 
Number of sample measurements considered. 
Local static pressure. 
Atmospheric pressure. 
Planform parameter, = Sm/bc0 • 
Dynamic P;t>essure. · 
Pearson-r linear correlation coefficient. 
Reynolds number based on centerline chord of the 
model. 
Semi-span of the model at the trailing edge. 





Projected area of the BW model. 
Projected area of model with flat plate extension. 
The small gothic wing model. 
Student's t-distribution ratio at 95% level for 







Jet velocity at nozzle exit assurning isentropic 





A Indicates coefficient based upon ~erodynamic 
forces only, e.g. CLA· 
j Indicates conditions in the jet. 
o Indicates freestream conditions. 
R Indica. tes coefficient based upon resultant forces, 
including· component of jet thrust, e.g. CLR. 
T · Indicates coefficient based upon force due to 
component of jet thrust,· e.g. CLT• 




3. DESCRIPTION OF APPARATUS 
3.1 Details of Models: 
The basic wing (BW) model is shown mounted in the 
wind tunnel in Fig. 3•1. The details of the entire fam-
ily of wings tested are shown in Fig. 3•2. A summary of 
the significant dimensions of all the models is given 
in ·Table I. 
The BW model was the model with "type B" nozzles 
which was tested by Hyde (Ref. 10). This model was built 
to simulate a short range all-·wing airbus incorporating 
apex blowing. The other wings in the family were made 
by means of flat plate extensions attached to the BW 
model to investigate alternative planforms, leading edge 
shapes, thickness distributions near the leading edges, 
and aspect ratios for such an airbus. 
The BW shape was the result of empirical develop-
ment of the integrated all-wing layout concept. The 
thickness and camber distributions were fabricated from 
mahogany which was then combined with a flat aluminum base 
plate with a beveled edge. The upper (lower in Fig. 3•1) 
surface profile formed parabolic sections in planes rad-
iating from the anex. Each chordwise station was of 
constant thicknes~s over the central 60% of the local span·, 
as illustrated for two such sections in Fig. 3•2. The 
profile of each chordwise section, outboard of this cen-
tral region, followed a cubic curve to the sharp leading 
edge formed by the.beveled edges of the base plate. The 
maximum thickness-chord ratio occured at 50% centerline 
chord and equalled 8.02%. 
The apex portion of the BW model, forward of 30% 
centerline chord, contained the blowing system plenum 
·chamber. The blowing air entered the model through the 
hollow support strut and was ducted, inside the model, 
forward to the plenum chc::.::~ber through a two-inch diameter 
flexible hose. The blowing air was ejected from the 
plenum chamber through two constant exit area cascades 
of turning vanes. The longitudinal centerlines of these 
cascades were alligned with the shar.p leading edge of the 
model as shown in Fig. 3•3. The mean thrust line of 
these nozzles was at an angle, (1)=38°, with the model 
centerline (see Fig. 3•2). 
Th.e flat plate extensions which, combined with the 
BW model, formed the other models tested were fabricated 
from 0.125-inch sheet steel. This sheet steel was bent 
to conform to ~he shape of the bevel of the BW base 
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plate. A flat base was obtained on the "extension" 
models by filling the area outboard of the bend with 
wood as illustrated in Fig. 3•2. The edges of the 
extension plates were beveled to form sharp leading edges 
similar to those on the BW base plate. 
The extensions were designed to intersect the BW 
leading edges at 30% centerline chord. The straight 
edged extension formed the double-delta wing (DDW). The 
small gothic wing {SGW) and medium gothic wing (MGW) 
were formed by parabolic-gothic extensions. The large 
·gothic wing (LGW) was formed by a quartic-gothic exten-
sion. The BW trailing edge span was increased by 20% 
in the DDW., MGW, and LGW models. The SGW model had the 
same trai~ing edge span as the BW model. 
3•2 Tunnel and Blowing System: 
Tests were conducted in the 8 ft. x p ft. rectangu-
lar, ·closed w·orking section, low-speed wind tunnel at 
the College of Aeronautics, Cranfield. The models were 
mounted in an inverted position and supported on the 
Warden type six-component balance system by a hollow 
support strut. · 
The high pressure blowing air was supplied from the 
settling chamber of a compressor to the system depicted 
in Fig. 3•4. Interference with the balance system was 
kept to a minimum by introducing the blowing air to the 
balance support system through flexible rubber hoses. 
An orifice plate in the mairi feed line was used to mea-
sure the mass flow rate of the blowing air. The static 
pressure in the system was measured in the manifold unit 
at the top of the support strut. The pressure drop across 
the orifice plate and the static pressure, and hence the 
mass flow, could be controlled by either a hand operatel 
mechanical valve or a remote control Hale Hamilton 115 
valve mounted in parallel. The be~t control of the flow 
was·obtained by the combined:use of both valves. 
3.3 Flow Visualization Equipment: 
A Lede smoke generator was used during preliminary 
investigation into the nature of the flo~ field. Tne 
smoke was generated by heating parafin •. The resulting 
smok.e was ejected by compressed C02 through a flexible 
rubber tube which could be conveniently placed in the 
vicinity of the model as desired. 
The flow field, infused with smoke, was viewed at 
various chordwise stations by shining a plane of light 
across the working section. The plane of light was pro-
duced by an air-cooled mercury vapor lamp mounted in a 
focusing apparatus which formed a narrow slit of light. 




which allowed increased brightness for a period of up 
to ten seconds. This over-ride function was utilized 
to obtain photographs using the water vapor screen tech-
nique described in Section 4.2. 
A Kiel tube probe similar to that described by 
Kirkuatrick and Field (Ref. 11) was used to investigate 
the total head variations through the flow field at vari-
ous chordwise stations. The Kiel tube used had an outside 
diameter of 0.063 in. and was 4 in. lon§• It was insen-
sitive to pitch and yaw angles up to 20 and gave accurate 
indications of total head within 2-3% at angles of pitch 
and yaw up to 30°. The Kiel tube was mounted on a tra-
verse gear. on which the probe position could be monitored 
and controlled from outside the tunnel. Full movement of 
the probe in the y-z plane as well as in pitch and yaw 
was available. Unfortunately, the Kiel tube tip did not 
coincide wit4 the pitch and yaw pivot point of the tra-
·verse gear. ·Therefore, the position of the Kiel tube tip 
was not known 'without making a direct measurement.when 
any changes in the pitch or yaw were made during a tra-
verse run. 
· The traverse gear was limited to a maximum tunnel 




4. DESCRIPTION OF PROCEDURES 
4.1 Measurement of Blowing Momentum Coefficient, Cµ: 
From dimensional analysis (see Appendix A), an 
additional parameter is required when considering the 
aerodynamics of a wing with apex blowing. This parameter 
is called the blowing momentllin coefficient, cf-l, and is 
defined as: 
It should be noted, the Cµ was based on the BW area, s, 
for the tests on all wings. 
Tne most direct means of experimentally measuring. 
and controlling the values of Cµ was found to be via the 
• pressure drop across the orifice plate which was a func-
tion of the mass flow rate of the blowing air. This was 
done by first measuring the wind-off. thrust, Tx', on the 
model at zero incidence and various values of orifice 
p:).ate pressure drop. Then, knowing the mean thrust angle 
at the nozzles, CJ)=380, the blowing momentum coefficient 
could be written: 
for any tunnel speed. For operation during the tests, 
the Cµ values at a given tunnel speed were calibrated 
against the orifice plate pressure. difference. Thus, 
by settin~ the appropriate orifice plate pressure differ-
ence, a given value of blowing momentum coefficient, Cµ, 
could bei obtained for testing. Since the blowing system 
was not near the choked condition and the tunnel speed 
was low throughout the tests, this method was considered 
to be accurate. 
4.2 Flow Visualization Techniques: 
The flow visualizatiqh tests were conducted at large 
incidences (e.g. «=15.6°) in order to obtain a well devel-
oped flow field of reasonable size. In this way, the 
relative size of dist.urbances introduced by the measuring 
and visualization apparatu~ was kept as small as possible. 
10 
Except for the smoke tests, all of the flow visualization 
tests were run at a tunnel speed,V0 =100 ft./secewhich 
corresponded to a Reynolds number, Re = 2. 6 x 10 • 
The first attempt to visualize the flow field around 
the BW model was by the use of a smoke filament at very 
low tunnel speeds. The end of the tube from the smoke 
generator was placed at various positions around the 
model, particularly near the apex. The paths of the 
smoke filament were traced visually along the model and 
cross sections of the flow were viewed using the mercury 
vapor slit light. Attempts to photograph the flow field 
proved unsuccessful because the density of the smoke 
· was insufficient even at extremely low tunnel speeds •. 
This problem was further complicated by the requirement 
of. a very small mass flow rate in the blowing system to 
obtain a given value of Ci-:i at the low tunnel speeds. T'ne 
orifice plate pressure difference was virtually impossible 
to·maintain constant at very low values. ' 
As a solution to the problems related to the use of 
the·· smoke generator for visualizing the flow field, a 
system was devised for adapting a smoke technique de-
scribed by Pankhurst and Holder (Ref. 12). It was found 
that water, introduced into the model plenum chamber 
under pressure, would be atomized by the blowing air and 
carried along as water vapor after it emerged from the 
nozzles. The intensity of the water vapor was sufficient 
to allow viewing of the flow ;field at any chordwise sta-
tion using the mercury vapor slit light. · 
11 
In order to photograph the flow field cross section 
illuminated by this technique, the entire wind tunnel 
·• area had to be darkened except for the mercury vapor 
• 
lamp. The best photographs were obtained using an expo-
sure time of 10 sec. at /4.0 while operating the over-ride 
switch on the mercury vapor lamp. Photographs were taken 
for allr the mode.ls a~ x/c0 =0.50, 0.70, and 0.90,, Cµ=0.08 · 
and 0.12, and o<,:;:: 15.6 • 
This technique could be used at a normal tunnel 
operating speed, V0 =100 ft./sec., and did not interfere 
with the natural flow field. It had the disadvantage 
that it could not be. used for the unblown case, Cµ = O, 
since the atomization of the water depended upon the 
blowing air. 
Kiel tube traverses to measure the total head var-
iation across the entire flow field cross section were 
made on the BW model at o<=l.5.6° and V0 =100 ft./sec. for 





x/co=0.50, 0.70, 0.90 
x/co= o.50, 0.70, 0.90 
x/co= 0.30, 0.35, 0.40, 0.45, 0.50, 0.70, 0.90 
x/co = 0.335, 0.4.5, O. 50, O. 70, O. 90 
••• > 
It should be noted that each of these individual cases 
required approximately six to eight hours of running 
time to complete. . 
Prior to each run the traverse gear was positioned 
so that the tin of the Kiel tube was located at the de-
sired chordwise station. The traverse gear was adjusted 
so that the probe tip would move in the y-z plane (body 
axes). The probe attitude was fixed parallel to the lead-
ing edge for the traverse of the region between the sharp 
leading edge and the shoulder of the model. The area 
outside this· and over the central portion of the model 
was traversed.with the probe paraliel to the model base 
plate but at zero yaw angle. The Kiel tube was kept at 
a constant attitude through each section of the traverse 
because the change in the probe tip position could not 
be monitored remotely if either the pitch or yaw angle 
was altered as noted in Section 3.3. The position of the 
probe tip was measured before each run and after each 
section of the traverse was completed in order to check 
the remote position-monitoring system. 
The total head measurements of the Kiel tube were 
recorded at a spacing of 0.125 in., near the center of 
the vortices and jets, and 0.25 in. elsewhere in the 
flow field. The readings were made with reference to 
atmospheric pressure on an inclined manometer filled . 
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with metholated spirits. These readings were corrected 
for a pressure difference of +0.2 in. H20 between atmos-pheric pressure, Pa' and tunnel freestream static pressure, 
p 0 , (i.e. Pa - p0 = 0.2 in. H20). A graphical method described by Kirkpatrick and 
Field (Ref. 11) for locating the approxL~ate center of 
a vortex was applied to the results of these traverses 
to locate the approximate center of the blowing air jet 
at each chordwise station. From these positions the path 
of the blowing air jet was traced over the model as de-
scribed in Section 5.1. 
Surface flow visualization was accomplished by 
painting the model with yellow 11 dayglo 11 paint prior to 
operating the wind tunnel at a £iven flow condition. 
Tests were made at o<=l5.6° arid Cµ=O and 0.08 on both the 
BW and MGW models. Photography of the resulting patterns, 
which were illuminated with ultra violet light, was only 
partially successful because ·of the difficulty in getting 
the proper combination of exposure time and illumination. 
Therefore, line drawings of the flow patterns were made 
as a substitute for the rather poor quality photographs. 
4.3 Forces and Moments: 
Lift, drag, and pitching moment measurements were made 
on the DDW, SGW, MGW, and LGW models. The tests were 
made at a tunnel spe.ed, V0 =125 ft./sec., correspo!lding 
to a Reynolds number, Rc=3.2 x 106. Each wing was tested 
at values of blowing momentum coefficient, Cµ=O, 0.046 0.08, and 0.12, through a range of incidence from -10 
to +200. The incidence was measured with reference to 
the flat base plate of the model. 
The force and moment coefficients were based upon 
the plan area of the model, Sm' and referred to the wind 
axes. The pitching moment coefficients were based on the 
centerline chord and referred to the mid-centerline 
chord nosition on all models. 
The force and moment results quoted for the BW model 
were taken from the report on Hyde 1 s work (Ref. 10). 
4.4 Estimation of Accuracy: 
The posi~ion-monitoring console of the traversing 
equipment on which the Kiel tube was mounted enabled 
the probe to be positioned within ±0.020 in. in both 
the y-direction and the z-direction. The probe was sub-
ject to some buffeting in the flow field, especially 
near the vortex and jet centers. The sensitivity of the 
probe to pitch and yaw angles greater than ±20-30° was 
not considered to affect adversely the measurements 
except in the regions directly adjacent to the shoulder 
of the model and at the extreme limits of the flow field 
near the free stream conditions.· The vortex and blowing 
jet total head contour positions are therefore estimated 
to be within :±:0.125 in. except near the freestream con-
dition, CH=l. 0, wher.e the accuracy can not be fairly 
estimated. v~en the trailing edge semi-span of the BW, 
s=l8 in., is considered, the accuracy of these results 
can be seen to be quite acceptable. The total head coef-
ficient can only be considered as an indication of the 
nature of the flow field in th.e absence of local static 
pressure meas'lirements throughout the flow field. 
The results of the smoke, water vapor screen, and 
surface flow visualization tests can not be considered 
quantitatively. The qualitative value of these results 
is good, however, and the flow field.picturization re-
sulting from them is factual. 
The corrections applied to the force and moment 
data are outlined in Appendix B. The overall accuracy 
of the coefficients quoted is estimated to be: 
CL: ±0.0021 
C 0 : ±0.0018 
CM: ±0.0010 
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5. DISCUSSION OF RESULTS 
5.1 Nature of the Flow Field: 
The major portion of the flow visualization test 
program was conducted on the BW model. For obvious rea-
sons then, the discussion of the flow field is primarily 
concerned with this model. Photographs indicate that the 
general nature of the flow regime is similar for all the 
wings tested. The specific results discussed, therefore, 
can be generalized to give a reasonable understanding of 
the nature of the flow field on each of the wings of the 
family. · 
Initial flow visualization tests were conducted 
using a smoke generator at low tunnel speeds. These 
tests gave an indication of the general nature of the flow 
field. The most significant fact revealed by these tests 
was that the flow with apex blowing was not as anticipated 
from the results of earlier work on edge blowing. The 
tests made by Trebble (Ref. 6) and Alexander (Ref. 7), 
with blowing along the entire leading edge, indicated that 
the air from.the nozzles formed leading edge vortices of 
a greater strength than were present without blowing. 
The smoke tests with apex blowing show no leading edge 
vortices except near the wing tips. The blowing air on 
each s.ide of the wing forms a large conical tube which 
initially moves away from the leading edge and then bends 
inwards toward the leading edge, crossing it at about 40% 
centerline chord. It subsequently follows a path across 
the shoulder o·f the model at about midchord and down the 
central portion of the model to the trailing edge. No 
such flow over the center of the model was present in 
tests without apex blowing. -
In order to take pictures of the flow field, a meth-
od of employing the water vapor screen technique was 
devised as described in Section 4.2. Photographs were 
then obtained such as those shown in Fig. 5•1 for the BW 
at ex= 15.6° and C~ = 0.08 and Fig. 5•2 for the MGW at 
the same flow conditions. 
The cross section of the flow field at mid-centerline 
chord is shown in Fig. 5•la. The leading edge vortex 
can be seen as a small circular shape (dotted for clarity) 
just below t~e leading edge of the model as shown in the 
inverted position. The remainder of the bright vapor 
pattern is attributed to the apex blowing air. At this 
position it can be seen that the center of this air is 
located near the shoulder of the model. 
The fainter vapor pattern, outboard of the leading 
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edge vortex !llld the'blowing air, shows the path of the 
blowing air forward of midchord. This path is visible 
in all the pictures of Figs. 5•1 and 5•2, and is caused 
by the re.flection of the light outside the cross-sectional 
plane under consideration. The large circular shape that 
appea~s in all the pictures in Figs. 5•1 and 5•2 is caused 
by entrained water droplets. It is felt that this is 
unique to the flow with water vapor and is caused by the 
coalescing of atomized water particles to form water 
droplets. These droplets have relatively large size and 
weight and therefore their position in the swirling flow 
is outside the actual flow regime of interest. 
Figs.·5•lb and 5•lc depict the flow field on the BW 
at 70% and 90% centerline chord, respectively. The lead-
ing edge vortices are positioned below the leading edges. 
Taese pictures along with Fig. 5•la show the progress 
of the blowing air over the model shoulder and then, in 
a more or less strerunwise direction, along the central 
portion of the model toward the trailing edge. 
For comoarison the flow field of the MGW is shown in 
Fig. 5·.2 at ~the same flow conditions as the BW in Fig. 5•1. 
It can be seen that the flow patterns are essentially 
the srune for. the two wings. The pictures of the MGW are 
·representative of those for all the wings with extensions. 
Although'the flow is similar it should be noted that 
the leading edge vortex on the .MGW is significantly 
larger than that on the BW at the corresponding ch9rd-
wise stations. This indicates that the development of 
the leading edge vortex is impeded on the BW by the 
thickness distribution near the leading edge. Addition-
ally, the size of the leading edge vortex appears to 
increase with the size of the extens.ion on the wing. 
That is, increasing the distance of the leading edge 
from the thickness shape allows the vortex to grow larger. 
Squire (Ref. 13) obtained results which also indicate ths.t 
the vortex development on the suction surface is inhibited 
by a body which lies near the leading edge of a delta 
wing. 
Another difference in the flow fields which is worthy 
of note is 'that secondary separation and a secondary vor-
tex is visible at all stations on the MGW in Fig. 5•2. 
This too has been dotted for clarity. 
The results of a traverse of the flow field at var-
ious chordwise stations made by a Kiel tube give further 
indications of the. character of the flow. Figs. 5• 3a, 
3b, 3c, 3d, and 3e depict the flow on the BW at x~co~o.30,_ 
0.40, o.50, 0.70, and 0.90, respectively, at CX=l/.6 and 
CtJ=0.08. T'.ae contour lines in Figs. 5•3 trace positions 
of constant values of the total-head coefficient defined 
as: 
C ;H-Po H= qo 
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The freestream condition is indicated by the total-head 
coefficient, CH= 1. O. 
Figs. 5•3 can be used to consider each station 
separately or, by viewing them jointly, a three dL~en-
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· sional trace of the flow field can be envisaged. The 
contours of constant CH in Figs. 5•3 depict shapes very 
similar to those observed in the water vapor screen pic-
tures of Figs. 5•1 at the· corresponding stations. The 
peak negative values of CH found in the leading edge 
vortex region, as in Fig. 5•3d, correspond to the high 
axial velocities at the vortex center as found by Earn-
shaw (Ref. 14) and Lambourne and Bryer (Ref. 15). The 
peak positive value of CH found in the blowing air region 
correspond to a high velocity region with very little 
rotational component. The structure in the blowing air 
region closely resembles the structure of a jet as re-
ported by Zijnen (Ref. 16). The apparent discrepancy in 
the.two indications of high axial velocity can be explained 
by considering the static pressures at the respective pos-
itions. Refs. 14 and 15 indicate a large negative static 
pressure in the center of a vortex while Ref. 16 states 
that the static pressure everywhere in a jet, except very 
near the orifice, is essentially the sarn~ as the ambient 
pressure. While static pressure was not measured through 
the flow field, reference to the surface· static pressure 
measurements, carried out by Hyde (Ref. 10) on the BW 
model, shows that there is a large nagative static pres-
sure coefficient on the surf ace adjacent to the vortex, 
both with and without.blowing. The surface pressure is 
only slightly more negative with blowing.than without 
blowing in the central region affected by the blowing air 
jet. 
The contours of CH =l. 0 in Figs. 5• 3 are dotted be-
cause the exact position of the freestream conditions was 
difficult to obtain due to the large variation of flow 
direction and the inaccuracy of the probe in a flow field 
at an angle of yaw greater than ±20-30°. The contours 
toward the c~nter of the vortex and jet structures are 
considered to be more accurate however, because of the 
success of Kirkpatrick and. Field (Ref. 11) in finding the 
vortex center positions with a similar probe. 
Fig. 5•3a-shows the cross section of the flow field 
at 30% centerline chord, or 0.4 in. aft of the rearmost 
nozzle. There is evidence of a slight rolling of the jet 
sheet due to the pressure difference across it, but the 
most obvious effect of the low pressure on the upper sur-
face of the je·t sheet is the expansion of the jet sheet 
into a jet of nearly circular cross section. Fig. 5•3b 
shows the blowing jet to be just outboard of the leading 
edge at 40% chord (ct=l.5.6°, and Cµ= 0.08). The circular 
shape is distorted by the forces of the air stream and the 
shape of the model. The midchord section depicted in 
Fig. 5•3c shows the center of the jet near the crest of 
the model shoulder. The outer regions of the jet are 
spread across the central region of the w~del. Some of 
the jet air is entrained by the vortex which is just 
beginning to develop along the leading edge. At 70% 
chord, shown in Fig. 5•3d, the jet is positioned inboard 
of the shoulder and the leading edge vortex is quite 
well developed. Any connection between the two struc-
tures at this station is not distinct because the flow 
direction over the shoulder is outside the insensitive 
range of the Kiel tube, thus ma..~ing accurate measure-
ments impossib~e with the allignrnent of the .tube used in 
the traverse. Fig. 5•3e shows only the jet structure at 
90% chord• . Th.e vortex was not investigated at this posi-
tion but its structure is eAi>ected to be similar to that 
at 70% chord only larger and with a higher negative total-
head coefficiept at the center. The decrease in the peak 
value of CH at the center of the jet,· along the chord, 
is caused by viscous mixing. The order of the decay is 
somewhat greater than that stated by Zijnen (Ref. 16) for 
plane jets in still air because of the freestrearn velocity 
and the. curvature of the blo-vm jet path. 
The approximate path of the center of the blowing 
air jet over the BW at o( =15.6° and Cµ= 0.08 is plotted 
in Fig. 5•4 in plan view and side elevation from the re-
sults of the Kiel tube traverse. A similar series of 
traverses was made at the same incidence but at Cµ=0.12. 
These results are also shovm in Fig. 5•4 for comparison. 
It can be seen that the center of the jet at the higher 
value of blowing coefficient lies farther outboard and 
higher above ;the model. This is caused by the larger 
momentum of the jet at the higher blowing coefficient. 
Tne shape of .the jet path is attributed to the thiclmess 
of the model and the resulting high suction on the shoul-
der at the midchord position a.s shown in Ref. 10. Tne 
emerging jet is attracted toward this suction region, 
crossing the leading edge at approximately 40% centerline 
chord, and then continues across the shoulder onto the 
central region of the model to the trailing edge. The 
side elevation shows that the jet travels virtually in the 
freestream direction until, near the trailing edge of the 
model, the aerodynamic forces bend it to the horizontal. 
Fig. 5•5 shows the leading ed&e vortex structure on 
the BW at 70'/o chord, o<=l5.6° and Cµ =O. This can be 
comnared with the vortex at the same chordwise station 
sho~ in Fig. 5•3d at Cf--4= 0.08. The minimum value of CH 
recorded without blowing was -3.2.5 while with blowing it 
was -2.,50. This indicates that the axial velocities are 
of the same order. Considering that the vortex in the 
blown case did not commence its development until approxi-
mately the.midchord position of the model, the develop-
ment of the vortex with blowing appears to occur at a 
faster rate than without blowing. 
17 
· Surface flow patterns on the BW .and MGW at o<=l.5.6° 
are shown in Figs. 5•6 arid 5•7, respectively. '.)ne flow 
patterns on both wings are shown with Cµ=O and Cµ=0.08. 
. As can be seen in Fig. 5•6a for C~= O, cx =15.6°, the 
leading edge vortex lies in the region between the leading 
edge and the shoulder on the BW. The primary attachment 
line is on the near vertical surface of the model until, 
at about 80% chord, the local surface slope decreases 
sufficiently to allow the attachment line to move inward 
away from the leading edge. The surface flow above the 
attachment line flows over the shoulder. The local curva-
ture of the surface induces a suction peak followed by a 
marked bubble of separation ~-Jhich occurs along the shoulder 
of the model. As would be expected, there appears to be 
a weak vortex along this shoulder separation bubble. 
Inboard of .the shoulder the flow is virtually streamwise. 
A secondary separation line is visible along the leading 
e.dge aft of 70% chord which corresponds "to the region or 
the wing where the cross-sectional shape' is.not hindering 
the ·lateral spread of the vortex field. 
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Fig. 5•6b shows the surface i'low pattern on the BW 
for CX=l.5.6°, Cµ=0.08. What appears to be a vortex 
attachment line very high on the vertical surface forward 
of 30% chord is actually a line dividing.the flow entrained, 
due to viscous mixing, by the blowing air emerging from 
the nozzles and the flow proceeding over the shoulder of 
the model. A normal vortex is not formed in this region 
since the leading edge is masked by the bl01·n1 air jet. 
The path of the blown air jet is evident by a highly 
scrubbed area over the shoulder crest near midchord where 
the jet is close to the surface. The flow pattern over 
the central area of·the model indicates that the jet has 
some swirl velocity attributable to the slight rolling 
of the jet sheet noted as it emerged from the nozzles. 
The leading edge vortex attachment line is visible on the 
vertical surface aft of the jet path. Tne secondary 
separ~tion line is similar to that of the unblo~m case. 
The size of the shoulder separation bubble was greatly 
reduced with blowing. 
The surface flow patterns on the HGW are shown in 
Figs. 5•7a and 5•7b for the unblown and blown case, respec-
tively. The flow.patterns again show a great similarity 
to the corresponding case on the BW. The main differ-
ences are: (1) the separation bubble in the unblo~m case 
is farther inboard, relative to the shoulder, on the HGW 
and·(2)-a secondary separation line commences immediately 
aft of the leading edge "kink" on the MGW and runs the 
entire length on the wing extension both with and without 
blowing. With blowing the jet crosses the leading edge 
extension in the vicinity of the 11kink 11 • This allows 
the natural leading edge vortex to begin its development 
sooner since the leading edge is not masked by the jet. 
It appears from the vapor screen pictures that more· of 
the blowing air enters the vortex system on the MGW. 
This is the result of the positioning of the blowing jet 
in relation to the leading edge vortex on this wing. 
It should be noted that the relatively large areas 
along the trailing edge of the· model which appear to be 
areas of separation in the surface flow pictures (espe-
cially in the unblown cases) are considered to be pro-
ducts of the experimental technique. These are attri-
buted to a combination of the viscosity of the 11 dayglo" 
paint and.the gravitational force along the surface of 
the inverted model (i.e. the paint encumbered in flowing 
11uphill 11 on the aft.portion of the model). The flow near 
the centerline at the trailing edge was also disturbed 
by the wake from the supporting strut. These regions 
were therefore disregarded in the consideration of the 
flow field. 
From all the flow visualization test re.sul ts, an 
overal·l pie ture of the flow field was formulated for 
both the BW and NGW. These pictures are presented in 
Figs. 5°8 and 5•9, respectively. 
The fundamental difference between the flow field 
discussed here' and those previously discussed in the 
field of leading edge blowing is the existence of the 
high total head jet. In order to investigate the phenom-
enon further, a short series of Kiel tube traverses was 
made on the symmetrical model with rhombic cross section, 
described by Alexander (Ref. 7), with and without apex 
blowing. The blown air emerged from the leading edge in 
a: direction normal to it (i.e. at an angle of 70° to· the 
upstream direction). Tnese tests show that there is no 
high total head jet region .in the flow field on such a 
model with apex blowing. The center of the vortex struc-
ture also indicated higher negative values of total head 
coefficient with blowing. These results imply that the 
entire blown air sheet enters and strengthens the leading 
edge vortex on.this model. The indications of the tests 
on Alexander's model lead to the possibility that ·the 
flow field discussed here for the present family of wings 
is unique. This is most probably due to the severe 
thickness distribution of the model. Another possibility 
for the difference, however, is the rearward direction 
of the blovm air emerging from the nozzles of the present 
models since the jet sheet emerged perpendicular to the 
leading edge in the tests on Alexander's model. With the 
blown air directed aft, there is less tendency for the 
jet sheet to roll up and enter the leading edge vortex. 
Instead it tends to remain a discrete jet and to follow 





The aerodynamic lift, CLA , is defined as the total 
lift measured, CL , minus the component of lift due to 
the jet thrust, CL~. The aerodynamic lift at various 
values of Cµ is plotted versus incidence, ex, in Figs. 
5•10a, lOb, lOc, and lOd for the DDW, SGW, HGW, and LGW, 
respectively.· It can be seen in Figs. 5•10 that the 
aerodynamic lift is increased by apex blowing at inci-
dences above 4°, approximately, on all the wings. It is 
decreased at negative incidences when the vortices and 
blowing jets lie below the wing. The improvement in' 
aerodynamic lift Hith an increased blowing coefficient 
indicates a true rise in lift rather than a lift incre-
ment due to an increased thrust component. 
The shape of the CLA-0( curves at incidences near 
zero degrees is very irregular. This is caused by the 
peculiar vortex formation and jet sheet interaction at 
low incidences as discussed by Alexander (Ref. 7) and 
Hyde (Ref. 10). A detailed investigation of this region 
was not included in .this test progr&~. 
· The effect of vortex breal{do-vm, a sudden decrease in 
the lift curve· slope with no blowing at high incidence, 
o<=16°-18° approximately, can be seen in Fies. 5•10a, 
lOb, and lOc for the DDW, SGW, and HGW, respectively. 
There is only .. a slight decrease in the slope of the lift 
curve of the LGW in Fig. 5•10d at the highest incidence 
tested, indicating that vortex breakdmm on this model 
occurs at a higher incidence. As an example of the vro:'y-
ing incidences where vortex breakdovm occurs on different 
wings, Ref. 17 states that an uncambered delta ·wing with 
70°-sweep normally experiences vortex brefil~down at about 
30° incidence. Vortex breakdown is completely eliminated 
on the DDW with Cµ::;: O. 04 as it was on the BW (Ref. 10). 
The gothic wings tSGW and MGW) are not affected as severely 
by vortex breakdown at Cµ = 0 as the DDW, but require 
higher values of C~ to completely eliminate the effects 
of it. · 
Refs. 18 and 19 state that vortex breakdovm is caused 
by.an adverse pressure gradient along the vortex path 
which, in turn, causes a free stagnation point to exist 
along the vortex center filament. Vortex breakdoi·m 
occurs immediately downstream of this free stagnation 
point. It appears from the vortex breakdovm evidence that 
a gothic wing generally does not have an adverse chord-
wise pressure 'gradient as strong as that on a straight-
edged wing at the same incidence. This is probably due to 
the 11 quasi-streamwise 11 tips of the gothic wings. Ape~ 
blowing reduces the pressure gradient in the vicinity of 
the leading edge vortices on the BW as indicated by the 
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surface pressure surveys by Hyde (Ref. 20).· Its ef'fect 
appears to be the same on the DDW but not as strong on 
the gothic wings. . 
Tne highest values of CLA at a given incidence and 
blowing coefficient are obtained on the MGW model,, 
e.g. at o< = 10°,, values of CLA are: 
BW DDW SGW MGW LGW 
Cµ:::O: 0.470 o.520 0.490 o.520 o.510 
Cµ =0.04: 0.495 o.565 0.535 o.585 o.565 
Cµ= o. 08: o.565 0.580 0.550 0.610 o.585 
Cµ= 0.12: 0.520 0.590 o.555 0.615 0.605 
The increment in aerodynamic lift due to apex blowing 
at constant incidence is illustrated at o<=5°,, 10°,, and 
15° in Fig. 5oll fpr each model. It can be seen that the 
increments in lift are approximately the same on all 
wings at 0( = 5°. The additional lift due to apex blowing 
at constant Cµ' increases for a given wing with a rise in 
incidence. Increasing the incidence causes a higher 
shoulder suction, thus the blowing jet travels farther 
onto the central portion and covers a larger area of the 
model. Surface pr.es sure plots by Hyde (Ref. 20) indi-
cate that the suction in this center area of the model 
is increased with apex blowing. It follows that the 
greater the area affected by the jet, the greater the 
increment in lift due to blowing. These surface pressure 
plots also indicate that on the BW with blowing the suc-
tion. is increased near the apex blowing nozzles and re-
duced slightly near the leading edge vortex aft of the jet 
path. The effect of the combined suction changes on the 
rp.odel due to blowing· is an increase in lift at each chord-
station and th~refore in the overall lift. At higher 
incidences the MGW and the LGW show the greatest incre-
ments in lift due to blowing. This is caused by the fact 
that the vortices on these models are larger and stronger 
in the blown case and therefore supplement the lifting 
effect of the blowing jet on the central portion of the 
models. These wings also have a larger flat-plate area 
on which the suction created by the vortices can act. 
The general shape of the curves ·in Fig. 5•11 shows 
a relatively steep rise in lift increment with initial 
blowing coefficient followed by a more gradual increase. 
Tne initial rise is due to the complete change in the 
fundamental flow field caused by the blowing jet. The 
more gradual rise, as the blowing coefficient is increased, 
is due to the less radical changes in the flow field. 
The li~t-incidence relations of the family of wings 
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are generally linear above O(= 4° as opposed to the non-
linear lift curves normally associated with slender wings. 
The lift-curve slopes in the linear region improve with 
increased blowing coefficient. The lift-curve slopes 
{per degree) were found to be: 
BW · DDW SGW MGW LGW 
Cµ= O: 0.0381 0.0445 0.0435 0.0445 0.0455 
Cµ= 0.12: 0.0416 0.0475 0.0490 0.0550 0.0540 
These .values .can be comoared·· with theoretical values of: 
0.02/deg. due to R. T. Jones (Ref. 1) for potential flow, 
and 0.05/deg., at 0(=10°, due to Brown and Michael {Ref. 
22) for separated flow. 
The values of incidence at zero lift, cx 0 , for the 
yarious wings at varying blowing coeffic'ients were found 
to be: 
BW DDW SGW MGW LGW 
ct-J = o: -4.15° -J. 75°. -3.50° -2.75° -2.50° 
Cµ = 0.04: -3.50° -3.30 o· -3.00° -2.50° -2.00° 
Cµ=0.08: -3.10° -2.85° -2.60° -2.25° -1.75° 
Cµ = 0.12: -2.50° -~.40° -2.25° -2.00° -1.50° 
It can be seen that the negative angle of incidence at 
zero lift, cx0 , decreases on each wing with increased 
blowing coefficient. As anticipated, the value of 0< 0 , 
at a given blowing coefficient, also becomes less nega-
tive with an increase in the flat plate area of the model. 
The variation in 0(0 as blowing is increased .is generally 
smaller on the models with large flat plate areas. 
!n order to correlate the aerodynamic lift coeff~­
cients of the various wings in the faraily, the square 
root of the slenderness ratio, vs/c~·, was applied as 
suggested by P.eckham (Ref. 23). The value of the virt-
ual centerline chord, c~ , was used to form the slender-
ness ratio for the wings with extensions (see Fig. 3•2). 
This correction caused the values of the lift coefficients 
for the different wings at a given blowing coefficient to 
collapse onto curves but, as expected, there was a sep-
arate curve for each value of Cµ. The relationship 
between these curves and the values of the blowing coef-
ficient was investigated as described in Appendix c. The 
result of this analysis is the empirical relationship 
between the values of aerodynamic lift with apex blowing 
and without apex blowing for all the wings tested. This 
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relationship was derived as: 
--'-A'- . = LA ( ,. -[ CL l [ C ] · Js!c:' Cµ=O Js/c~· Cµ Q.84Cl-J Q.621 
The application of this empirical relationship to the 
test results made possible the collapse of the lift data, 
for all the wings, versus (CX-CXo) onto a single curve as 
·shown in Fig. 5.12. 
By means of the statistical analysis in Appendix C 
it was determined that the relationship between the cor-
rected values of aerodynamic lift and (CX-O(o) is linear in 
the range:· 
; . 
This ·11nearity is depicted in Fig. 5•12 by the 11 least-
square" line. The 95% confidence limits are also shown 
in Fig. 5•12 as discussed in Appendix c. The scatter for 
this series of results is quite normal since 96.5% of the 
data points lie within the 95% confidence region. Tne 
·greatest amount of scatter occurs at the extremes of the 
{o<-CXo) range. This is caused at the low·end by their-
regular behavior· of the f.low at small incidences and at 
the high end by the approach of vortex breakdm·m. 
Peckham's flat plate results (Ref. 23) are plotted in 
Fig. 5·12 for comparison. The fact that all of the pre-
sent results lie well below the Peckham curve is due to 
the thickness of the present wings. The results of Peck-
ham' s tests on a thick wing with a rhombic cross section, 
which are presented by Earnshaw and Lawford (Ref. 24), 
agree very well with the present results. 
It must be pointed out that there is no knovm theo-
retical basis for the collapse of the lift data shown 
in Fig. 5•12. It is not intended that the empirical 
relati'onship derived from the analysis in Appendix C be 
regarded as universal for all apex blowing shapes. In 
fact, it is highly probable that it is unique to the 
present family of wings due to their extreme thickness 
distribution and the associated flow field, described 
in Section 5.1 • 
. The landing performance of an all-wing airbus con-
figured with apex blowing is considered in Appendix D. 
As an extreme example, the total efflux from apex mounted 
engines was assumed to be exhausted through the blowing 
nozzles. The approach.speed is reduced by 32 knots for 
this configuration with apex blowing which causes a cor-
responding re·duction in landing distance of 28%. These 
reductions were the result of the "no stall" character-
is tic of the aircraft due to the elimination of vortex 
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breakdown with apex blowing. The landing distances 
calculated are only approximate since they were based 
on a rather simple analysis of the complex problem but 
they do serve to suggest the relative benefits that can 
be achieved with apex blowing. . 
As a result of calculations involvipg the same 
all-wing airbus, there does not appear to be a similar 
impr.ovement in the take-off· performance with apex blowing. 
This is primarily attributed to the reduction in axial 
thrust and the resulting decrease in acceleration for the 
configuration considered. The use of other aerodynamic 
lift augmentation devices such· as directed thrust or 
leading edge and/or trailing edge flaps could possibly 






The aerodynamic drag with apex blowing can not be 
measured directly on the balance system because of ~~e 
component of thrust in the x'-direction. The value act-
ually measured by the balance system is the force compo-
nent in the x'-direction, Fx'• The aerodynamic ~ag is 
· found from the relationship: 
= -Cx' + · Cµ ~cos C/J cos ex 
Sm 
where Cµ ~cos(/) coscx is the coefficient of thrust in 
Sm 
the x/-direction related to the particular model area. 
Tne aerodynamic drag, C 0 A , is plotted against the aerodyn~~ic lift, CLA' in Figs. 5•13a, 13b, 13c, and 13d 
for the DDW, SG\tl, MGl•I, and LGW, respectively. In all 
cases the drag at a given lift coefficient above CLA!:>!0.3 
was reduced with increased blowing coefficient. Below this 
value of CLA , in the region of minimum drag, the aero-
dynamic drag increased slightly with greater blowing coef-
ficient. A large increase in drag can be seen in Figs. 
5•13a, 13b, and 13c at the onset of vortex breakdovm in 
the unbloi-m case on the DDW, SGW, and MGW. The LGW 
results again point out that vortex breakdown does not 
occur on that model over the incidence range tested. The 
drag rise due to vortex breakdown is markedly reduced by 
the application of apex blowing, signifying that vortex 
breakdown has been eliminated (DDW) or reduced (SGW and 
MGW). 
· With Cµ =·o, the minimum drag coefficient for all the 
wings tested is essentially the same as that of the BW, 
i.e. Comin = 0.016 as opposed to 0.015 for the BW. The 
minimum drag occurs at CLA = 0.05, approximately, on all 
the wings and increases slig_htly with apex blowing. 
. WithCµ=O, values of L 0A, at constant CL , grow 
as the model leading edges get farther away fro£ the for-
ward facing surfaces. As apex blowing is increased, the 
lift-dependent drag is diminished in all cases. There 
is a greater reduction in drag due to blowing as the 
leading edge distance from the forward facing surfaces 
increases for the DDW, SGW, and MGW. This suggests that 
the leading-edge vortices on the HGW are stronger than 
those on the DDW and SGW since their capacity to reduce 
the lift-dependent drag is greater even though their 
distances from the fori~ard facing surfaces are larger. 
There is a slight regression in this trend on the LGW. 
For exam£le, at CLt=0.7 the reduction in drag coefficient 
between Lµ = 0 and µ =0.12 on the MGW is .0.033 while on 
the SGW and DDW, for the same conditions, the reductions 
.·• 
• 
are .. 0.027 and 0.01.5, respectively. The corresponding 
reduction on the LGW is 0.028. 
The drag results are presented as lift~drag ratios 
in Figs • .5•14a, 14b, 14c, and 14d for the DDW, SGW, MGW, 
and LGW, respectively. It can be seen that the maximum 
value of the lift-drag ratio for all of the wings with 
Cµ = 0 is approximately 8 • .5 at CLA ~ 0. 2. All wings show 
a lessening in the maximum lift-drag ratio with low val-
ues of blowing .. coefficient due to the higher Co,.,,·in values 
with apex blowing. However, at.a blowing coefficient, 
Cµ=0.12, this initial trend is reversed and all wings 
have a higher value of L/Drno.x than at Cµ = o. The DDW, 
SGW, and MGW attain a maximum lift-drag ratio of approxi-
mately 9.4 at CL,,_~0.3 with Cµ= 0.12. The LGW reached 
L/DmelX = 10.0 at CLA~o.3 with Cµ= 0.12. The slight shift 
in the position and ultimate gain in the maximum lift-
drag ratio with apex blowing occurs because o.f the 
greater effectiveness of apex blowing at incidences above 
ex~ 4° in both reducing drag and increasing lift. The 
lift-drag ratio is augmented above CLA ct 0.4 on all wings 
with a higher blowing coefficient. This result follows 
from the variation of the lift and drag curves with in-
creased blowing coefficient. 
Trebble (Ref. 6) and Alexander (Ref. 7) found that 
the maximum lift-drag ratio decreased with increased 
blowing coefficient in their experiments with blowing 
along the entire leading edge. In fact, Alexander stated 
that as a result o.f his tests 11 it does not seem .feasible 
to use this device [edge blowing] to improve lift-to-drag 
.ratios for the cruise case". On the other hand, Hyde 
(Ref. 10) reported a gain in the maximum lift-drag ratio 
with all values of apex blowing coefficient on the BW. By 
considering the data points plotted in Hyde's Fig. 31, it 
appears that curves very similar to those presented in 
Figs • .5•14 can be plotted to more accurately describe 
the behavior o.f the lift-drag ratio -- thus, giving results 
for the BW similar to those of the present tests. 
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Figs • .5•1.5a, l.5b, 1.5c, and l.5d show the lift-dependent 
drag factor, K, plotted against aerodynamic lift coefficient,, 
CL;,. ,, for the DDW, SGW, MGW, and LGW, respectively. The 
lift-dependent drag factor is defined as: 
K (Co- ComiJ fT JR (CL- CL~d)2 
It can be seen in Figs • .5•1.5 that on all wings, K at 
C1-1=0.12 is much smaller at low values of CLA than for 
the other values of Cµ. This partially explains why the 
maximum li.ft-dra.g ratio. increases for the case o.f Cµ = 0.12. 
At higher values of CLA' K is relatively constant, 
al though it mounts slightly as CLA is boosted. The lift-
... 
·dependent drag factor normally varies with CL on. slen-
der wings as a consequence of the non-linear lift. In 
all cases, ·the value of K at constant lift coefficient 
grew less with higher blowing coefficient. Vortex break-
down on the DDW, SGW, and MGW with Cf-1=0 is symbolized 
in Figs. 5•15a, 15b, and 15c, respectively, by the sharp 
rise in the lift-dependent drag factor, K. Some evidence 
of the vortex breakdown is still apparent on the MGW at 
blowing coefficients, Cf-l=o.04 and o~oa. 
The values of K at Cµ=o are all less than values 
calculated from the empirical relationship due to Kirby 
for fla t-pla.te delta wings, denoted by (see Ref. 8): 
K = J2 /R 
This result is as expected since the large forward facing 
surfaces present on the models reduce the lift-dependent 
drag. At Cµ= 0.12 the values of K agree quite well with 
the theoretical values calculated by J. H. B. Smith for 
flat plates at CL =0.5 in conical flow. These values 
can be roughly represented by (see Ref. 8): 
I; 
K = t~ A=\] 3 
The variation of K with aspect ratio for the family 
. of wings tested is shown in Fig. 5•16 for the case of' 
Cµ = 0.08. Similar pictures can be drawn for other values 
of blowing ,coefficient showing the same variation. 
Values of K were also determined by measuring the slopes 
·Of C 0A versus ·cl;- curves. These values for the case 
. of Cf-I= O. 08 are plotted in. Fig. 5• 16 and, as can be seen, 
they agree reasonably well with the near constant values 
calculated from the definition of K. 
• The lift-dependent drag factor could be further 
reduced by de signing a wing shape with suitable camber, · 
thickness, warp, and leading edge droop to be used in 
conjunction with apex blowing. · 
The family of wings tested can be compared to indi-
cate the relative benefits of each in the configuration 
of an all-wing airbus similar to that described in Appen-
dix D. Considering the force coeffici~nt in the x/-
direction, Cx/ , the condition for longitudinal equili-
brium is Cx/ = o. Ignoring the additional drag which 
will occur on any operational aircraft due to surface 
~oughness, intakes, controls, etc., the Cx/ carpets are 
plotted in Figs. 5•.l ?a, l 7b, l 7c, and l 7d for the DDW, 
SGW, HGW, and LGW, respectively. In these curves it is 
shm·m that Cµ must be greater than 0.027 - 0.030 before 
longitudinal equilibrium can be achieved. This is of the 




tudinal equilibrium for a .similar layout with the BW 
(Ref. 10). The value of Cµ required to maintain longi-
tudinal equilibrium at CLR= 0 • .5 varies from 0.091 for 
the BW to 0.126 for the LGW. This increase in Cµ re-
. quired, and hence the blowing thrust, for the different 
planforms is' ~ssociated with the enlarged areas of the 
models and not a simple function of their shapes.. It is 
therefore not considered a realistic indication of the 
relative merits of the different planform shapes. 
Fig • .5•18 shows the resultant-lift to gross thrust 
ratio curves for the various planforms at the longitudi-
nal equilibrium condition, Cx"= o. These curves are 
derived from the Cx" carpets of Figs • .5•17 but are cor-
rected to compensate for the differences in the model 
areas and depict more clearly the relative merits of the 
various planform shapes. The BW is shown to be superior 
in the cruise region, reaching a maximum lift-thrust 
ratio of 6.85 at CLR~ 0.2, while the trends imply that 
the MGW is superior in the approach region. 
5.2.3 Pitching Moment: 
The pitching moment measured on the balance system 
was corrected to compensate for the small moment caused 
by the blOwing thrust to give the aerodynamic pitching 
moment. The aerodynamic pitching moment coefficient is 
based on the centerline chord, Co , .and the model area, Sm· The aerodynamic pitching moment coefficients, referred 
to the mid-centerline chord position of the model, are 
plotted against the aerodynamic lift coefficients at dif-
ferent Cµ values in Figs. 5•19a, 19b. 19c, and 19d for 
the DDW, SGW, MGW, and LGW, respectively. 
Figs • .5•19 indicate that the general effect of apex 
blowing is a stabilizing one; The greatest :Linprovement 
in the stability is gained by the initial application of 
blowing, i.e. Cti=o.04. This is most evident in the 
range of CLA = O. 3 to o. 7. The useable range of CLA is 
extended with apex blowing because of the elimination 
(DDW), or reduction (SGW and MGW), of the nose-up pitch 
caused by vortex breakdown. The extension in the range 
of useable lift coefficients is one of the main advan-
tages of apex blowing. 
Tne instability that occurs, especially in the 
gothic wings, at low values of CLA corresponds to the 
low incidence range, noted previously, where the flow is 
·irregular. Kirby (Ref. 25) said that similar insta-
bilities were noted"in tests at R.A.E. Farnborough and 
were attributed to separation of the flow in the aft-
central portion of the model at low incidences. This was 
corrected by adding surface roughness to the model in 
·order to force boundary layer transition. 
The DDW has the most linear- pitching moment curve 
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in the unblown case up to the onset of vortex breakdown 
where a sharp nose-up pitch occurs. · This supports the 
findings of Spence and Lean (Ref. 26) which specify that 
delta wings pitch up more sharply as the incidence in-
creases than do corresponding wings with streamwise tips. 
The LGW demonstrates an intensified nose-down pitching 
moment at high incidence which, according to Spence and 
Lean, is the behavior typical of a gothic wing with a 
high value· of p • The MGW and SGW pitch-up at vortex 
breakdown is no~ as sharp as the DDW indicating that the 
vortex breakdown is less severe. This suggests that, in 
general, gothic wings or other slender shapes with 11 quasi-
str.eamwise11 tips are not as subject to vortex breakdown 
as are delta wings. 
The gothic wings of the family are generally less 
stable than the DDW as anticinated because of the resuec-
tive area distribution. The gothic wings have more · 
lifting area toward the apex which tends to be destabi-
lizing. The SGW and the MGW possess similar pitching 
moment slopes since their area distributions are both 
parabolic. The LGW, with its quartic area distribution 
and relatively large lifting surface well forward on the· 
model, is the least stable of the family. 
All the wings exhibit a negative pitching moment 
coefficient at zero lift coefficient owing to the posi-
tive camber of the models. Modification of the model 
camber would have to be made to obtain a positive pitch-
ing moment at zero lift. This could possibly be achieved 
by introducing negative camber near the trailing edge. 
·The aerodynamic center positions are plotted in 
Figs. 5•20a, 20b, 20c, and 20d for the DDW, SGW, MGW, and 
LGW, respectively. The aerodynamic center moves aft 
·quite rapidly on all the wings with apex blowing as the 
wing incidence moves away from the low range where the 
flow field is unsettled. This is caused by the augmen- . 
tation in l.ift on the rear portion of the model with apex 
blowing. With further increase in incidence at a given 
. value of Cµ, the aerodynamic center position moves slowly 
forward which is normal for slender winc;s at low speeds. 
Spence and Smith (Ref. 17) point out that slight instabi-
lity at higher incidences due to the gradual forward 
movement of the aerodynamic center, such as occurs with 
·apex blowing, can be tolerated on slender-winged aircraft. 
Because of the gradual forward movement of the aerodynamic 
center position with incidence on these wings, the aft 
position of the center of gravity for positive longitu-
dinal stability is defined by the approach attitude. 
Without apex blowing the aerodynamic center position is 
generally more stationary with incidence change until 
vortex breakdown occurs causing a rapid forward movement. 
This reaction to vortex breakdown is obviously unaccept-




displays a gradual movement aft of the aerodynamic center 
position at high incidence and no blowing which is normal 
for a gothic wing with a high value of p • . 
On all the wings tested the aerodyn~ic center posi-
tion, at a given value of CL,.1., moves aft with initial 
apex blowing, Cµ = 0.04, and then, with further increase 
in .the blowing coefficient, moves forward. The DDW is 
the only wing.on which this forward movement results in 
the aerodynamic center at Cµ=0.12 being forward of its 
position without blowing. 
At CLA =.O. 7, the aerodynamic center positions vary 
on the wings tested over the range of blowing coeffi-
cients as follows: · 
DDW: o.589 to o.598 Co 
SGW: 0.536 to o.548 Co 
MGW: 0.534 to o.555 Co 
LGW: 0.510 to o.533 Co 
Tne center of gravity of an aircraft with a shape similar· 
to the models tested would fall in the vicinity of O. 6 Co 
without engines. From the above table it is apparent 
that longitudinal stability would be a problem since the 
center of gravity must be forward of the aerodynamic 
center. Installation of the engines in L~e nose would 
move the center of gravity forward an appreciable amount. 
Tnis engine. location has the added advantage of reducing 
the ducting difficulties associated with apex blowing. 
Even with the engines installed in the nose, the longi-
tudinal stability of the LGW planform still appears 
marginal. The addition of a short fuselage-type exten~ 
sion on the nose of the basic planforms to house the 
• engines and crew compartment, thus creating an ogee-type 
·planform, would be a possible method of positioning the 
engines far enough forward to solve .the longitudinal 





The flow field around a slender cambered model with 
apex blowing and the effect of planform variations on 
such a model have been investigated. The main conclu-
sions reached as a result of this study are: 
1. The blowing air formed discrete jets which followed 
curved paths over the model shoulders and along the cen-
tral portion of the model to the trailing edge. The 
shape of the jet paths was the consequence of the model 
thickness and the resulting high suction on the shoulders 
at mid-centerline chord. 
2. With apex blowing the leading edge vortices did not 
begin to develop on. the BW model until aft of 407~ center-
line chord where the blowing air jet cro~sed the leading 
edge. 
3. The natural growth of the leading edge vortices was 
less restricted by the model shoulders as the distance 
between the leading edges and the shoulders became larger. 
4. Apex blowing increased the aerodynamic lift on all 
the models at incidences above 4°, approximately, and 
decreased it at negative incidences. The flow pro~uced 
irregular results at incidences between o0 and +4°. 
5. Vortex breakdoi;.m affected the. straight-edged models 
more than it did the. gothic models at Cµ = o. The gothic 
wings required higher values of Cµ than the straight-
edged wings to completely eliminate the effects of vortex 
breakdown. The LGW was free of vortex breakdown through-
· Out the incidence range tested. 
6. The highest values of CLA , at a given incidence and 
blowing coefficient, and .the greatest increment in lift 
due to apex blowing were obtained on the NGW. On all the 
wings, the largest .lift increment attributable to apex 
blowing occured with Cµ = O. 04. 
7. The empirical relationship between the aerodynamic 
lift with and without apex blowing for this family of 
·wings was ascertained to be: 
[ cLA J = [ cLAJ. ( 1 _ 0 _84 ct--i o.6 21 ) vs/c~· C =O .Js/c/ c 
µ. !J 
8 •· The lift-.dependent drag was lessened on all the wings 
with ·mounting values of the blowing coefficient, Cµ. 
The largest decrement in lift-dependent drag over the 
range of blowing coefficients tested occured on the MGW. 
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9. The maximum lift-drag ratio was less at low values 
of C1-1 than at Cµ = 0 but exh~bi ted a net gain at C1-1=0.12 
on all wings. At CLA > 0.4 the lift-drag ratio was· 
boosted on all the models as the blowing coefficient was 
increased. 
10. In the unblown cases, the lift-dependent drag factors, 
K, were less than the corresponding empirical values due 
to Kirby for flat-plate delta wings. The values of K 
were reduced by increasing the blowing coefficient and, 
at Cµ =0.12, they approached the theoretical values due 
to J. H. B. Smith for flat plates in conical flow. 
11. Apex blowing had a stabilizing effect at moderate 
values of_ CLA • The range of useable lift coefficients 
was extended by apex blowing. The pitching moment coef-
ficient was negative at zero lift on all wings. 
12. The aerodynamic center positions at a given blowing 
coefficient moved gradually forward with rising values 
of CLA except on the LGW. There was a rapid forward 
movement of th~ aerodynamic center position with the 
occurance of vortex breakdown. · 
13. A comparison between an all-wing airbus with apex 
blowing and one without suggested that apex blowing could 
reduce the required landing distance by about 28%. With 
. apex blowing the resultant lift to gross thrust ratio was 
the highest in the cruise condition on the BW and in the 
approach condition on the MGW. Hounting the engines in 
the nose of an all-wing aircraft can reduce the longitu-
dinal stability problems and aid in the implementation 
of an apex blowing system. 14. Further experimentation in the field of apex blowing 
is recommended al though a more versatile model than _the 
present one is required. This model should allow one to 
investigate the effects contingent upon variations in 
thickness, camber, apex blowing angles, and planform 
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SPECIFICATIONS OF THE MODELS 
BW DDW SGW MGW 
1.50 1.90 1.30 1.60 
36.0 43.2 36.0 43.2 
··-
48.0 48.d fi-8.o 48.o 
48.o 44.7 40.1 38.8 
. 
0.500 0.475 o.582 . o. 563 
6.oo 6.84 6.98 8.10 
18.o .21.6 18.o 21.6 
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FIG. s.1. FLOW FIELD ON BW .. 0<=15.6°,, Cµ=0.08. 
42 
a. x/c,,=0.50 
b. x/co=O. 70 
c. x I c. = o. 9 o 
0 FIG. 5.2. FLOW FIELD ON MGW,. o< 15.6, Cµ 0.08. 

I 













































































































































~ ..... ·-. 
- .~ - -· ~~~~~···..!:! \· xo ---
1. I I i . 
'I 11 
11 
. -· ;_, 









II . 11 
' :::L 1 u u _; 







. '·-- ; 

































-· 5 :o 
_] 

























































































FIG. 5.6. SURFACE FLOW PATTERNS ON BW · 
0 AT a<= 15.6 . 
a. Cµ =0. 
separation 
bubble 









f=IG. 5 .. 7. SURFACE FLOY\/ PATTERNS ON MGW 
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The.general equation for a force, F, on a body in 
a low-speed flow is dependent upon several variables. 
Such an equation can be written in terms of these var-
iables, such as: 
F -.J a 1 b V c µd p 0 
where l.is a characteristic length of the body 
µ is the coefficient of viscosity 
a, b, c, d, are unknown coefficients 
(1) 
When apex blowing is introduced into the problem an addi-
tional variable becomes signific.ant, i.e. the jet thrust 
··.or momentum of .the blowing air, Tj:: mj v·j· This new 
variable must·· be included· in the general equation for a 
force, such as: 
F ·~ a 1 b v c T d e 
. p 0 j I-' (2) 
Substituting the dimensions of the variables on 
both sides of eq. (2) in terms of the three basic units 
of mass, length, and time, symbolized by M, L, and T, 
respectively, and equa~ing gives: 
" 
Equating the exponents of like units yields: 
M: ·1=a+d+e 
· L: 1 = -3a + b + c + d - e 
T: 2=c'+2d+e 
(3) 
The three most important variables in the problem are p, 
1, and v0 • The~efore, the exponents a, b, and c are 
expressed in terms of d and e by the simultaneous solu-
tion of eqs. (4); giving: 
8.5 
. a= l 
b - 2 
c 2 
d - e 
2d - e 
2d - e 
Subs·tituting eqs. (.5) into eq. (2) and separating known 
and unknown exponents produces the general force equation 
containing two nondimensional parameters, i.e.: 
(6) 
The second nondimensional group of variables in 
eq. (6) is recognized as the Reynolds number. The first 
is a parameter which is common to problems involving 
boundary layer control and edge blowing, known as the 
blowing momentum coefficient, Cµ • For convenience in 
this thesis the parameter 1 C tJ 1 is defined as: 
. Cµ = Tj 
! p Vo2 S 
= mj v c1 
! p Vo2 S 
The Reynolds number is based upon the centerline chord 
of the model ~s the characteristic length and is there-
fore denoted as: 
(7) 
Re = p Vo Co j (8) 
µ 
Substituting eqs. (7) and (8) into eq. (6) and intro-
~ucing an arbitrary constant, A, on the right hand 
side yields the general fluid-force equation for a body 




WIND TUNNEL CORRECTIONS 
B.l Correction for Stiffness of Flexible Hoses: 
Although flexible hoses were used to introduce the 
high pressure blowing air to the balance support system, 
there were still slight distortions in the balance system 
caused by the stiffness of the hoses. These distortions 
created forces and moments on the balance system and 
hence errors were induced' in the measurements made on the 
models with apex blowing. To calculate appropriate cor-
rections for these errors, measurements were made with 
a calibrator connected. to the bottom of the support strut 
in place of the model. The calibrator consisted of a 
. short pipe through which the blowing air was fed. T:ie a.ir 
then emerged radially between two circular end plates 
which formed an adjustable gap. Since the air emerged 
radially from the caliprator which was positioned at the 
virtual ce·nter of the balance, the only forces and moments 
measured with the calibrator in place were those due to 
the dis~ortion 9f the balance by the flexible hoses. The 
balance readings at various values of orifice plate pres-
sure ·differen·ce were taken with the calibrator in a fixed 
position. The· calibrator was then rotated 180° and the 
readings retaken to allow for inaccuracies in the manu-
facture. The mean of the two sets of readings was used 
to calculate the balance corrections fpr the stiffness 
·of the flexible hoses. The calibrator gap was varied 
during the calibration in order to match the model static 
pressure-mass flow charac~eristic over the entire range 
of blowing coefficients to be used in the test program. 
· A typical set of correction~ for Cl--' =0.08 at a . 
tunnel speed of 125 ft./sec.· derived from such a cali-
bration was: · 
DDW SGW · MGW LGW 
LCL: -0.0007 -0.0007 -0.0006 -0.0006 
LCo: -0.0017 -0.0017 -0.0015 -0.0013 .... 
.·6CM: +0.0026 +o."0026 +0.0022 +0.0021 
The calibration was carried out each time the flex-
.. ·• 
ible hoses were removed and replaced on the balance 
support system because the corrections varied with the 
adjustment of' the hoses. 
B.2 Tare Correction for Strut: 
Based on calibration tests on the support strut and 
nose wires perf'ormed by Hyde (Refs. 10 and 20) the f'ol-
lowing tare corrections were used at a tunnel speed of' 
125 f't./sec.: 
DDW SGW MGW LGW 




6C11: · +0.0102 +0.0099 +0.0086 +0.0079 
B.3 Wind Tunnel Lift Constraint Correction: 
The conventional corrections for wind tunnel lift 
constraint as described in Ref. 27 were applied. These 
corrections were calculated ·to be: 
Lo< (deg.): 
.6.Co: 
DDW SGW MGW LGW 
o. 997CLA 1. 018CLA 1.180CLA 1.270 CLA 
o.0174cL; o.0177cL; o.0206cL; o.0222cL: 
B.4 Blockage Correction: 
Although the increase in wind velocity in the work-
ing section caused by the presence of the model was less 
than 1% for all the model configurations tested, the 
corresponding increment in drag was found to be signifi-
cant on the models with extensions at high incidences 
(i.e. the order of 3 - 4% of the measured drag on the MGW 
model at 0(=20°). The blockage correction was applied 
to the drag results of all the models for completeness. 
The drag correction due to blockage was found to be: 
2E 
1-2E: 
where E is a function of the model and wake blockage as 
described in Ref. 27 • 
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B.5 Balance Cross Coupling.Correction: 
Corrections were made to allow for the small a~ount 
of cross coupling inherent in the balance system. Tne 
.following corrections were calculated with regard to 
Ref. 28 and were applied to the balance measurements: 
LCL. = -0. 0096 CDmeu. 
LCo = +O. 0009 CL meas . 




COLLAPSE OF THE LIFT DATA 
c.l Relationship between L.CL and Cµ : 
Byva/P~ying the square root of the slenderness 
ratio, s c~ , to the lift coefficients of the various 
models at different values of Cµ and plotting the results 
· against (<X- <Xo) the results of all the wings collapsed, 
as. expected, onto four separate curves -- one for each 
value of Cµ tested. The correlation between the lift 
increment due to apex blowing, L.CL, and the value of Cµ 
was necessary in order to collapse these four curves into 
·one. Consideration of the dimensional analysis in Appen-
. dix A indicated that this relationship possibly had the 
form: 
- CLµ - CL 
Js/c:' Js/c~· 
c . 
Lµ (Ac B) Js/c~· µ (1) 
where, for convenience in this analysis only: 
• CLµ is the value of th~ aerodynamic lift coeffi-
cient at a given value of Cµ ·• 
CL is the value of the aerod'Yrl:amic lift coefficient 
at Cµ = 0 (i.e. at cf-J = 0, CLµ = CL ) • -
Dividing eq •. (1) by Clu~and taking the logarithms 
-7-Js/C.. 
of both sides of the resulting equation gives: 
l<?g [.6.CLJ = log A + B log CiJ 
. CL!-' - . 
(2) 
V~lues £or 6.CL/CLµ in eq. (2) were calculated from the 
exoerimental results on the various wings. Plotting 
these values versus C1-1 on a log-1.og plot resulted in a 
straight line, thus verifying the assumption concerning 
the form of the relationship given in eq. (1). The 
values of the constants were determined from the log-log 
plot to· be: 
A = 0.84 




. Rearranging.eq. (i) and substituting the values of 
the constants from eq. (3} gi_ves: 
. 
[~] 
Equation (4) is the empirical relationship between the 
values of aerodynamic lift with apex blowing and without 
apex blowing for all the members of the family of wings 
tested. · 
c. 2 Correla ti on of CL and (ex- o<o): 
After obtaining the empirical relationship given 
in eq. (4) above, it was applied to the data from all 
the wings at all the values of Cµ tested and the results 
were plotted against (CX-o<o) as shown in Fig. 5•12. The 
·data appeared to collapse satisfactorily onto a single 
·curve so it was of interest to discover ~he degree of 
correlation between the variables and, if the degree of 
corr el.a ti on proved satisfactory, to find the regression 
• . formula for the relationship. 
The statistical analysis which follows was conC.ucted· 
using methods described in Refs. 29 and 30. In order to 
carry out the analysis it was convenient to define: 
X = ( 0(- 0(0 ) 1 the independent variable 
y = [~l (I - Q.84C1P·621) , the dependent 
·variable 
Fig. 5~12 indi·cated that the relationship between 
the variables was linear.· In order to test this, the 
Pearson-r linear correlation coeff.icient was computed 
from: 
r 
where N = 139, in this case.· 
(5) 
(6) 
The value of r indicates the accuracy of the linear 
assumption. In general, the value of r varies between 
-1 and +l. A value of r = 0 would indicate no linear 
correlation between the variables while a value of r = :1:1 
indicates either perfect positive or perfect negative 




it was found .that: 
r = +O. 998 
indicating a high positive linear correlation between 
X and Y as defined in eq. ($}. Since the data used to 
calculate r covered a range: 
this linearity exists in this range and non-linearity 
outside this range is possible. 
(6) 
(7) 
· Knowing that the correlation between the variables, 
. X.and Y, is linear, the regression curve relating them 
is the "least-square" line through the X-Y data points. 
The ·normal equations for the "least-square" line of 
Y on X are: 
L y = A, N + B. L x 
2. x Y = A, 2:. x + B. 2:. x2 
where A1 and B1 are the intercept and the slope of the 
11 least-square 11 line, respectively. 
A, and B1 can be calculated.using: 
( 2:. Y) . ( 2 x2 ) - ( 2 x) ( 2. XY) 
N 2 x2 (2 X) 2 
·NL XY - (2X) (2Y) 
N L x2 - (2 x) 2 
The constants A1 and B1 were thus. determined and the 




y = -0.045 + 0.0578 x (10} 
If the total variation is defined as: 
i ( y - y) 2 ( 11 ) 
where y is the mean of all the Y values, then the total 
variation can be written: 
2 2 -)2 2 (Y - Y) = L (Y - yest.) +. 2 (Yest. - y (12) 
where yest. is the estimated value of Y from the regression 
line formula. 
The first 'term·on th~ right hand side of eq. (12) is 
.• 
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called the. 11 explained 11 variation, which is due to the 
normal distribution of.the samoles. The second term is 
called the 11 unexplained 11 variation, which is random and 
could be caused by a variable in the problem which has 
po.t been taken into account in the correlation analysis. 
In this probl·em, analysis showed that the' "explained" 
variation accounted for 99.6% of the total variation 
while only 0.4% of the total variation was 11unexplained 11 • 
The 95% confidence limits define the region within 
which· at least 95% of the data from the total "population" 
· should-rie. These limits can be calculated from: 
y N +I + (13) 
where' Yo =the value of Y predicted from the regression 
equation (i~e. eq. 10) at a given value of X = X0 • 
t.,75 = 1. 97 
SY.X= 0.019 
·v-'){=5.29 
Substituting these values into eq. (13) yields: 
~·-
y = Y0 . ± 0.038 (14) 
Thus the 95% confidence region is defined by two 
lines parallel to the "least-square" regression line 
as shown in Fig. 5•12. Analysis showed ,that 96.5% of 
the data sample falls into the 95% confi_dence region 




THE LANDING AND TAKE-OFF PERFOill'IANCE 
OF AN ALL"."WING AIRBUS 
D.l General: 
The models tested in the wind tunnel were based on 
the concept of an all-wing afrbus of the future which 
would incorporate apex blowing •. Such an aircraft would 
be utilized primarily over relatively short ranges and 
th.e capability of opera ting from small airfields would 
greatly enhance its usefulness. For this reason pre-
liminary calculations were made to estimate the potential 
· landing and take-off performance improvement afforded by 
·the use of apex blowing on such an aircraft. 
The following basic assumptions.were made for this 
analysis: · 
total thrust (4 engines): 60,000 lbs. 
take-off weight: 180,000 lbs. 
landing weight: 150,000 lbs. 
wing area: 5,000 sq. ft. 
engines mounted in the nose and total efflux ex-
hausted through blowing nozzles to produce apex 
l;>lowing, (/)=25°; total efflux exhausted aft without 
blowing, CD= o0 • 
BW wind tunnel data used (Ref. 10) 
• D.2 Landing Performance: 
Witho~t blowing the airbus approach speed is limited 
by vortex breakdom1 just as a conventional aircraft is 
limited by the stall. Hence the approach speed without 
· blowing was taken as 1.3 x "vortex breakdown speed" or 
142 kts. The airbus with apex blm'ling is not affected 
. by vortex breakdown, therefore the approach speed has to 
be based on another criterion. Pinsker (Ref. 31) has 
suggested the "zero rate of climb speed" where the drag 
equals the available thrust as such a criterion for 
stall-free aircraft. This concept was used in this anal-
ysis to define the approach speed of the airbus with apex 
blowing. By taking 1.2 x "zero rate of climb speed11 as 
proposed in Ref. 31 the approach speed with apex blowing 
was determined to be 110 kts. -- 32 kts. less than the 
unblown .case •. 
94 
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The total landing distance required from an alti-
tude of 50 ft. was found to be 2,190 ft. for the aircraft 
with apex blowing, Cµ= 0.15, and 3,050 ft •. without blowing. 
These landing distances are based on simule calculations 
but they do serve to indicate that a large improvement 
in the landing performance -- 28% reduction in the required 
distance -- is possible with apex blowing. This ir.l?rove-
ment is primarily due to the reduction in the approach 
speed with apex blowing because of the elimination of 
vortex breakdown. 
D.3 Take-off Performance: 
The take-off performance was 'not found to be altered 
by the use of apex blowing for the configurations analized. 
The reduction in the safe take-off speed du8 to apex 
blowing.is of the order of 10 kts~ but since there is 
reduced thrust available for acceleration in the blown 
case (CD= 25°) the take-off distances are approximately 
the same. 
The take-off analysis pointed out that an aircraft 
with the assur.ied characteristics. would reauire at least 
three, and in all probability, four engines for safe 
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